stubs [4] , embedded bandnotch [5] and shortcircuited quarter-wavelength transmission lines [6] . In [2] , the filter has high losses and is capable of only a single bandnotch. The structure in [3] has a fixed bandnotch and not enough rejection. Comparatively high losses and signal distortion are experienced in [4] . In [5] , the reconfigurability is not good and does not provide full rejection characteristics. Even though the reconfigurability and rejection characteristics are good in [6] , but the bandnotch structure is cascaded with the filter; resulting in a larger area taken by the final circuit. Furthermore, in all the aforementioned works, high linearity has not been a priority in the design.
Because of its unique chemical, thermal, mechanical, electronic and optical properties [7] , Graphene has captured the attention of the entire research community. A major factor in this is that Graphene presents a very promising future for the replacement of conventional materials and future electronics [7] . Hence, it has been implemented in a wide range of applications. For example, from Graphene based filters reported in [8] and to antennas in [9] .
However, there has been almost no reported work on using Graphene as reconfigurable elements, such as switches for use in achieving reconfigurability in filters.
This letter proposes a highly linear UWB bandpass filter. It also shows how to introduce and control reconfigurability using Graphene based switches as switching elements. PIN diodes, as conventional switching elements, have also been used to validate the reconfigurability results obtained from Graphene based switches and to provide measured results. Measurements show the filter to be able to provide reasonable bandnotch rejections and a high linearity while, at the same time, experiencing low passband losses. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
II. DESIGN OF PROPOSED FILTER STRUCTURE

A) Layout of the Filter
B) Attainment of Transmission Zeroes
Line G produces a transmission zero at 4.06 GHz; but since it is connected to lines E and F, the length increases; causing the transmission zero, TZ1, to move to 2.18 GHz. The first harmonic of TZ1 at 2.9f 0 produces another transmission zero, TZ3, at 6.3 GHz. Lines C and D are essentially for the bandnotch at 3.5 GHz, but their first harmonic at 1.97f 0 produces a transmission zero, TZ4, at 6.9 GHz. The first harmonic by lines J and K at 2f 0 gives a transmission zero, TZ5, at 8.4 GHz. Lines E and F combined are λ g /2 long and generate a transmission zero TZ2 which varies between 5.63~5.77 GHz. TZ1-TZ4 are shown in Fig. 4 (b). All the generated transmission zeroes significantly improve attenuation and selectivity in the lower and upper stopbands.
C) Attainment of Reconfigurability
In order to achieve reconfigurable characteristics, gaps of 0.5 mm are introduced in the centres of the two U-shaped bandnotch resonators. These gaps would then be overlaid with switching elements; such that each resonator would then consist of two transmissions lines conjoined with a switch. This may be seen in Fig. 1 . When switching elements are in the OFF state, they work as insulators and no current flows in the coupled resonators at the two bandnotch frequencies; thus no bandnotch is present and a full bandpass response is acquired.
In ON state, the switching elements behave like conductors, thereby the two transmission lines of each resonator acting like a single, longer transmission line of a guided halfwavelength at its respective bandnotch frequency and thus dual bandnotch are introduced within the passband. Since the two resonators are coupled independently of each other, each bandnotch may be controlled separately by just using the switch of the required bandnotch. 
D) Modelling of Graphene based Switches and PIN Diodes
Two different switching elements will be demonstrated and used in the filter in order to achieve the reconfigurable states: Graphene based switches and PIN diodes. These will be placed within the gaps in the two resonators as described in the previous subsection. Therefore, the two reconfigurable states of the Graphene based switches can be easily obtained. To calculate and model the varying surface resistance and surface reactance in both states, MATLAB was used and the resultant data was exported to the electromagnetic simulation software. [10] .
PIN diodes are popular switching elements; especially in MIC designs, where in addition to high switching speeds, they offer ruggedness and have a low nonlinear distortion [11] .
When PIN diodes are in forward bias or ON state, they behave like a small resistance. So that when there are two transmission lines connected to each other by means of a PIN diode, it creates a short circuit between them and they act like a single, longer transmission line. In the ON state, as shown in the equivalent circuit model in Fig. 3 (a) , the PIN diodes are essentially current controlled resistors, whose resistance may be described by (4); where k is a device constant, I F is the forward bias current and τ is the minority carrier lifetime [11] . In contrast, in reverse bias or OFF state, there is no connection between two transmission lines conjoined together with a PIN diode. As illustrated in the equivalent circuit model in Fig. 3 (b) of the OFF state, there is a large series resistance in parallel with a capacitance C P , which degrades the high frequency isolation of the device. 
III. RESULTS
The filter in Fig. 3 is designed on a Rogers Duroid 5880 substrate; of a thickness of 1.575 mm, a dielectric permittivity ε r = 2.2 and a loss tangent tanδ = 0.0009. It is simulated by the commercial software programs emSonnet and SonnetLab.
Figure 4 Photograph of the fabricated bandpass filter.
A) S-parameters with PEC Patches
For an ideal case comparison, the filter was first electromagnetically simulated by covering the gaps, wherein would the actual switches be laid, with perfect electric conducting 
B) S-parameters with Graphene based Switches
The results in state 1, state 2, state 3 and state 4 are shown in Fig. 5 (a) , (b), (c) and (d) respectively. The filter's 3 dB passband appears to be about 3.14-5.23 GHz according to all results. This almost matches the wanted lower UWB frequency range. In all four states, since the return loss is more than 20 dB, a good matching exists in the filter. The result when the switches are in state 1 shows that no bandnotch exists in the passband. This allows the filter 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
C) S-parameters with PIN Diodes
In the fabricated structure with PIN diodes, Agilent E8361A PNA Network Analyser was used to carry out the measurements of the S-parameters. The results are presented in Fig. 5 (a) for state 1 and in Fig 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
D) Measured Linearity with PIN Diodes
The nonlinearity introduced by a PIN diode is a function from (4) of the forward bias current I F and the RF current i f . Generally, better linearity may be obtained when the extent of the bias current modulation by the RF current decreases. The modulation effect can be minimised by deliberately operating at a high forward bias current [11] .
For the purpose of validating the high linearity characteristics, the filter was gauged by means of a 5 MHz QPSK signal with and without the PIN diodes. Input power between a range of -25 dBm and 10 dBm resulted in very good linearity. The performance at various passband frequencies in state 1 and state 2 was measured and has been shown in Fig. 6 .
Figure 6
Measured third order intermodulation products in states 1 and 2. Table 2 Comparison of various other works.
IV. CONCLUSION
A highly linear reconfigurable UWB filter, coupled with two resonators implemented with switches -PIN diodes and Graphene based -is presented. The switches reconfigure the filter between a full bandpass response and a bandpass response with dual bandnotch at 3.5 GHz 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
